ABSTRACT Crystals of pairs of H-bonded nucleic acid bases are generally grown from nonaqueous solutions. We have been able to predict the H-bonded configuration of most of the base pairs in such crystals by using an empirical-potential function we recently developed for calculating the energetics of such interactions in chloroform solution. The following configurations were computationally predicted to predominate and are those observed in crystal structures: the Watson-Crick G-C configuration instead of two competing configurations; the Hoogsteen-type configurations for A-T, A-U, and A-br5U. instead of Watson-Crick-type configurations; the Watson-Crick-type configurations for 2-aminopurine-br5U instead of the purine N3-type configuration; the Watson-Crick-type configurations for 8-bromo-2,6-diaminopurine-T instead of the Hoogsteen or purine-N3-type configurations; the syn-anti configuration for br5Abr8I.instead of the anti-anti-configuration; the Watson-Crick-type configurations for br8A-br5U instead of the Hoogsteen-tmpe configurations; and the Hoogsteentype configurations for me A-T instead of the Watson-Crick configurations. In addition, the H-bonded base triplet br5U-2,6-diaminopurine-br5U was calculated to have Hoogsteen and WatsonCrick-type configurations but not the purine N3-type configuration. Apparently, lattice forces and chance nucleation of a minor base pairing configuration are not significant whenithe stability difference between the preferred and alternative configurations exceeds a relatively small value. In onecase, in order to correctly predict the base pairing configuration in the crystal, it was necessary to include a contribution due to a C-H .. -o bond, suggesting that this type of H bond can make a significant contribution to base pair stability.
The high fidelity of DNA synthesis is presumably due in large measure to the limited combinations of H-bonded base pairs with the proper structural complementarity (1, 2) and electronic specificity (3, 4) -i.e., the Watson-Crick base pairs. Substitution mutagenesis apparently involves low-level introduction of mispairs with pseudocomplementarity (2, 5) . The relationship between nucleic acid base H-bonding structure and stability is therefore of considerable interest.
'Because of large competing aqueous solvent interactions, nucleic acid H-bonded base pair interactions are most readily studied in nonaqueous environments. The largest body of thermodynamic data on base pairing interactions has been obtained with chloroform solution (6) . These data are nevertheless expected to be of considerable biochemical relevance because base pairing in a duplex helix occurs in a hydrophobic domain of stacked aromatic rings. We have recently force-fit an empiricalpotential function (EPF) so as to correlate calculated nucleic acid base pairing stabilities with those obtained in nonaqueous environments (3) . In order to do so, it is necessary to consider all the competing* H-bonded configurations conceivable for each specific pair of interacting bases. [For example, an A-Ut pair can exist in-four competing configurations: Hoogsteen (7), reverse Hoogsteen, Watson-Crick, and reverse Watson-Crick.] It is, however, not generally possible to correlate configurations computationally predicted to be preferred for each specific base pair with experimental structures in chloroform because the nature of those structures is not readily determinable by present spectroscopic methods.
Details of nucleic acid base pairing structure are available, however, for many different base pairs-from x-ray crystallographic studies. Because these crystals are usually grown from nonaqueous solutions, it is reasonable to expect that a majority of H-bonded base pairs so crystallized occur in a configuration comparable to that which predominates in chloroform solution. Presumably, lattice forces do not influence the structure of Hbonded base pairs when competing configurations are sufficiently separated in stability.
In the present work, we have employed our previously refined EPF (3) to determine the relative stability of competing configurations of H-bonded base pairs for which crystal structures are available for "free" purine-pyrimidine and purine-purine pairs. The parameter calculated for each H-bonding configuration is AH. In using this quantity to compare stabilities, it has been assumed that the corresponding AS values do not differ significantly because the competing configurations are free of backbone constraints and exist in crystals grown from nonaqueous solvents. It is most encouraging that the configurations calculated in this manner to be energetically preferred are those that occur in the crystalline state.
METHODS
Relative enthalpies (AH) for formation of various pairs of Hbonded nucleic acid bases -(methylated at the N-glycosyl position) were calculated with an EPF developed for stimulating such interactions in chloroform solution (3) . In addition to treatAbbreviations: EPF, empirical-potential function; CNDO/2, (modified) complete neglect of differential overlap; LPE, lone-pair electrons; eu, electron charge units. $ By "competing" we mean all H-bonded arrangements.involving two or more H bonds between bases in major tautomeric forms.
t The standard one-letter symbols for nucleosides are used throughout, but it should be noted that the calculations were made for bases methylated at the N-glycosyl position. Thus, A =-9-methyladenine; C = 1-methylcytosine; G = 9-methylguanine; I = 9-methylhypoxanthine; T = 1-methylthymine; br5U = 1-methyl-5-bromouracil; bPA = 9-methyl--8-bromoadenine; br8I = 9-methyl-8-bromohypoxanthine; me8A = 9-methyl--methyladenine; 2AP = 9-methyl-2-aminopurine; 8Br2,6DAP 9-methyl-8-bromo-2,6-diaminopurine; 2,6DAP = 9-methyl-2,6-diaminopurine; U = 1-methyluracil.
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A-U(T). A and U (or T) can form base pairs in any of four competing configurations, each with two H bonds (Fig. 2) . AH of pairing calculated for each of these configurations for the pairs A-U, A-T, and A-br5U (Table 3) showed that in each case the Hoogsteen and reverse Hoogsteen configurations are preferred over the Watson-Crick and reverse Watson-Crick configurations by 0.99-1.07 kcal/mol of base pairs. This is in agreement with seven crystal structure determinations of different A-U (or T) derivatives: 9-ethyladenine-l-methyluracil, 9-methyladenine-l-methylthymine, 9-methyladenine-l-methyl-5-bromouracil, 9-ethyladenine-l-methyl-5-fluorouracil, 9-ethyladenine-l-methyl-5-bromouracil, adenosine-5-bromouridine, and adenosine-thymine ribonucleoside (see ref. 11). In all these cases the bases pair in either the Hoogsteen or reverse Hoogsteen configurations. (Pairs involving 8-substituted adenine are considered separately below.) Chemical shifts and nuclear Overhauser effects of a N'5-adenosine derivative paired with a uracil derivative (12) also confirm the strong preference for Hoogsteen-type pairing in a nonaqueous solvent.
2-Aminopurine (2AP)-br5U. 2AP can base pair with U (or T) derivatives in three competing configurations, each with two H bonds (Fig. 3) . Two of these are of the Watson-Crick type. The third configuration is less stable than either of the near-equivalent Watson-Crick types by at least 0.71 kcal/mol of base pairs. This trend is in agreement with the observation that 9-ethyl-2-aminopurine-l-methyl-5-bromouracil and 9-ethyl-2-aminopurine-l-methyl-5-fluorouracil cocrystalhize in a Watson-Crick-type complex (13). br8Abr8I. Pairing between br8A and br8I can occur in two competing configurations, each with two H bonds (Fig. 4) . The configuration involving N7 of adenine is 0.36 kcal/mol of base pairs more stable than the configuration involving N1 of adenine. This agrees with the crystal structure of 9-ethyl-8-bromoadenine-9-ethyl-8-bromohypoxanthine (14) . The less stable configuration is that suggested by Crick (15) br8A-br5U versus me8A-T. br8A-br5U crystallizes in the reverse Watson-Crick configuration, whereas me8A-T crystallizes in the reverse Hoogsteen configuration (11). The competing configurations are similar to those shown in Fig. 2 . Electrostatic and total enthalpies for formation of these and related base pairs in each of the four alternative configurations are given in Table 4 . In the case of br8A-br5U, the Watson-Crick and reverse Watson-Crick configurations are more stable than either of the Hoogsteen-type configurations by at least 0.99 kcal/mol of base pairs, which is consistent with the crystal structure determination.
Because it has been shown by x-ray and neutron diffraction that C-H-..O bonds can form in nucleic acid constituent interactions (refs. 17 and 18 and references therein), AH for base pairing between me8A and T was calculated for each of the four competing configurations (Table 4) with an EPF that did not (EPF 1), and did (EPF 2), allow for C-H---O bonds. [C-H-..O bonds were permitted to occur by using the Hagler-Lifson formalism (9, 10) 1.6 kcal/ mol of base pairs more stable than the other three configurations. These trends are consistent with the crystal structures exhibiting the Watson-Crick configuration (9-ethyl-8-bromo-2,6-diaminopurine.1-methyluracil) and the reverse Watson-Crick configuration (9-ethyl-8-bromo-2,6-diaminopurine l-ethylthymine) (19) .
It is generally agreed that the Hoogsteen-type pairing configurations are unfavored due to the presence of the bulky bromine atom on C8 of the purine (19, 20) . However, it is evident from the decomposed H-bonding enthalpies of the competing configurations ( Table 5 ) that unfavorable electrostatic interactions between the bromine atom on adenine and 02 (in Hoogsteen) or 04 (in reverse Hoogsteen) on uracil (or thymine) also contribute significantly to their lesser stability.
In the absence of the 8-bromo substituent, triplet crystal complexes (1-methylthymine-9-ethyl-2,6-diaminopurine-1-methylthymine; 1-methyl-5-iodouracil 9-ethyl-2,6-diaminopurine'lmethyl-5-iodouracil) contain A-br5U 
